Abstract-A hybrid imaging system for simultaneous fluorescence tomography and X-ray computed tomography (XCT) of small animals has been developed and presented. The system capitalizes on the imaging power of a 360 -projection free-space fluorescence tomography system, implemented within a microcomputed tomography scanner. Image acquisition is based on techniques that automatically adjust a series of imaging parameters to offer a high dynamic range dataset. Image segmentation further allows the incorporation of structural priors in the optical reconstruction problem to improve the imaging performance. The functional system characteristics are showcased, and images from a brain imaging study are shown, which are reconstructed using XCT-derived priors into the optical forward problem.
I. INTRODUCTION
T HE USE OF fluorescence in biomedical in vivo imaging has shown a steady increase over the past decade, as it offers a flexible platform for visualizing tissue function at the physiological, metabolical, and molecular levels in whole animals and tissues [1] . Following the successful development of fluorescent probes and reporter technologies for preclinical imaging, significant technological progress on macroscopic optical imaging has been achieved, in particular, when utilizing tomographic principles [2] - [11] .
The use of hybrid methods is common in the development of imaging systems, as it offers the advantage to pack together complementary characteristics of different modalities. A most prominent example is the development of X-ray computed tomography (CT) and positron emission tomography (PET) systems for high-resolution anatomical, and high-sensitivity functional and molecular imaging, respectively [12] , [13] . Hybrid methods in optical and fluorescence imaging have also been proposed in the past [14] - [16] and systems for clinical magnetic resonance imaging and optical tomography have been proposed since 1998 [17] - [22] . With the advancement of fluorescence molecular tomography (FMT) as a method to offer noninvasive tomographic reconstruction of cellular and subcellular function in tissues, it becomes similarly crucial to develop a technique for hybrid imaging that can improve imaging performance and offer a versatile imaging tool with high-dissemination potential.
Standalone FMT has undergone significant progress in terms of resolution and sensitivity. A first step in this direction was the development of free-space noncontact detection for FMT [23] - [25] , which allowed to perform imaging without the use of fibers or matching fluids, by direct lens coupling of charge-coupled device (CCD) cameras, resulting in resolution and image quality improvement [26] . This development was recently taken a step further by developing systems that allow complete angle projections, around the animal or object imaged, offering 360 -projection free-space tomography [9] . Regardless, even state-of-the-art FMT systems are still far from reaching their potential of accurately visualizing biological information in high resolution for two main reasons: First, although in modern free-space systems, the reconstructed fluorescence biodistribution is registered with the outer boundaries of the imaged specimen, there is a lack of interior anatomical information to accurately orient in the tomographic image stacks. Second, the mathematical models used to date are derived using significant approximations to the photon distribution inside the volume imaged, as the interior structure of the volume is difficult to determine or remains unknown with standalone optical tomography systems.
To overcome these limitations, the combination of FMT with X-ray computed tomography (XCT) was pursued. The approach herein is markedly different than previous hybrid implementations using compromised optical collection systems, such as optical fibers inside an MR bore [22] , but combines highly powerful 360 -projection free-space FMT with a high-resolution XCT system. An advantage of the development of free-space FMT is the ability to integrate it in a straightforward manner onto an XCT gantry, in transillumination mode on which a source is mounted opposite to the respective detector. XCT and FMT are truly complementary modalities. XCT offers high anatomical resolution and low soft-tissue contrast, whereas FMT offers high sensitivity and very versatile tissue contrast ability, to overall yield a hybrid system that significantly improves the information available compared to any of the components alone. With the exception of potential radiation damage to the CCD camera of the FMT system, which can be prevented using appropriate shielding, there is no interference between the optical and X-ray signals. On the other hand, XCT images provide a useful anatomical map on which FMT images overlap and can be used as a form of structural a priori information into the FMT reconstruction problem to improve optical imaging performance [3] , [27] - [29] . While many approaches have been suggested for the use of priors, it is important to utilize methods that do not bias the result.
Herein, we present the newly developed system, and list technical and operational parameters. The performance of the developed FMT/XCT hybrid system is showcased with a brain study performed on mice. The use of priors in the forward model is investigated as a method to improve reconstruction without significantly biasing the solution.
II. EXPERIMENTAL SETUP

A. Instrumentation
The hybrid imaging system presented herein was realized by integrating free-space FMT equipment onto the rotating gantry of a commercial micro-CT (eXplore Locus, General Electric HealthCare, London, ON, Canada). The XCT system comprises an X-ray source and an X-ray detector mounted on a common rotating gantry of diameter. The distance of the X-ray detector to the center of rotation can be changed to achieve different magnification ratios, and thus, different spatial resolution. For the experiments conducted herein, a resolution of 95 m was chosen, resulting in a field of view of mm along the animal and cm across. In the original eXplore Locus system, the animal is placed on a solid epoxy bed that can be moved along the rotating axis into the field of view of the X-ray system. The micro-CT is controlled via a standard PC (Pentium IV, 1 GB memory) and several external control units.
To integrate FMT onto the gantry, a CCD camera and a scanned laser source were mounted orthogonally to the X-ray source-detector axis, as shown in Fig. 1 . A back-illuminated cooled CCD camera (Pixis 512B, Princeton Instruments, Trenton, NJ) coupled to a 50-mm macrolens (Carl Zeiss, Oberkochen, Germany) was selected for detection due to its high sensitivity. In front of the lens, a proprietary six-position filter wheel was positioned. One position in the filter wheel was occupied by a lead filter for radiation shielding during X-ray exposure, the others were different combinations of long-pass glass filters (Schott, Mainz, Germany) and bandpass filters (Andover, Salem, NH) to filter fluorescence light or the excitation wavelegth. Filter wheel and camera are located behind shielding, composed of 1 mm lead and 500 copper to shield the CCD from potential scattered radiation from the XCT subsystem. The field of view of the optical system covers an area of approximately 5 cm 5 cm in the focal plane. On the opposite side of the shielding, two electroluminescent plates are mounted to provide white light illumination of the animal when needed.
Opposite to the camera along its optical axis, two collimated source fibers are mounted that can be moved by an stage (Standa, Vilnius, Lithuania) through the field of view of the camera. The focus length of the collimator was chosen such that the focus would be close to the animal positioned in the rotation center.
Two diode laser sources at 670 nm and 750 nm (B&W Tek, Newark, DE) with maximum optical power of 300 mW are used for illumination through the two source fibers. The laser diode modules can be selectively switched on and off, and their optical output power can be controlled via an analog input. Switching and current control is performed using a universal digital/analog input/output box with 10 bit resolution (RedLab with UBRE switchbox, Meilhaus Electronic, Puchheim, Germany). The switchbox is also used to switch on and off the white light illumination. All components for the FMT subsystem (camera, laser, D/A module, optical switch, stages) mounted on the XCT gantry are controlled through a single USB2.0 connection added to the central cable hub of the gantry and connected to a second standard PC (Pentium IV, 3 GHz, 1 GB memory). Mechanical control of the instrument and data acquisition is performed using proprietary software written in LabView (National Instruments, Austin, TX).
The mouse bed itself had to be redesigned, as the standard animal holders blocked the view. The epoxy bed was replaced by two carbon rods (Ø2 mm) 10 mm apart, mounted on two miniature linear stages (Thorlabs, Newton, NJ) to allow precise alignment of the animal to the rotation center of the gantry.
To enable simultaneous imaging without a change in the original Micro-CT framework, the communication between the motor controlling gantry rotation and the PC controlling the Micro-CT was intercepted by the FMT control PC. For details, refer to Section II-B below.
B. Data Acquisition
To start data acquisition, the user interactively defines a protocol, consisting of the angular positions at which optical imaging is to be performed, and a source pattern to be used at each angle. This source pattern is defined by the minimum and maximum axial positions, and the distance between sources in axial and transversal direction. This source pattern is adapted to the imaged object at each angular projection as described next.
Optical projection data are then acquired by rotating the gantry around the animal. At each angular position that requires measurements, the rotation is stopped and X-ray images or FMT images are acquired. A schematic drawing of the data acquisition procedure is shown in Fig. 2 .
For XCT projections, a number of frames are acquired, and then, averaged, while the FMT system is protected using the lead filter of the filter wheel. For FMT acquisitions, first a white light image of the animal is taken, using no filter. An automatic threshold is applied to the image to distinguish between animal and background. For each row of the image, the central line of the animal is determined. The desired source pattern is then centered to this line; sources that should fall outside the animal are ignored. For all other positions, the laser is moved according to the position, and transmission and emission images are acquired, subsequently, by using different filters. Additionally, for each transmission image, the laser power is set to an optimal value by controlling the voltage on the analog input of the laser module. This laser intensity is then kept constant for the acquisition of the according fluorescence image to facilitate the accurate normalization of imaging data. However, for optimal SNR, the fluorescence exposure time is adapted. The method for optimized image acquisition is detailed in Section III-C shortly. An example of an adapted source pattern and normalized image data for a representative projection is depicted in Fig. 3(a) and (b) .
Input data are extracted from the images by first considering all pixels that: 1) cover the animal, i.e., that are within the detected boundaries of the animal, and 2) reach above a certain intensity threshold in the excitation image. This way, pixels covering the rods of the animal holder, as well as very absorbing regions in the animal where no light could be detected, are excluded. The area of the remaining pixels is then covered by detector points that keep a minimum distance to each other. From these points, actual measurement values are extracted as inputs to the reconstruction.
C. Reconstruction
Photon propagation is modeled using the diffusion approximation to the radiative transport equation [7] as (1) where and are the possibly spatially varying diffusion and absorption coefficients, is some function proportional to the concentration of fluorochrome, and and describe the photon density at the excitation and emission wavelength, respectively. If the (potentially spatially varying) optical coefficients are known, an explicit solution can be given using the Green's functions as (2) leading to
Equation (3) is a linear system that can be inverted using standard methods to yield , a measure of concentration, for each voxel in volume . For inversion, it is required to know the photon density , which is usually modeled using the same Green's functions as , thus assuming identical optical properties at both excitation and emission wavelength.
The Green's function are computed using a finite-element system implemented using a proprietary MATLAB interface to the Deal.II framework [30] . This system solves the diffusion equation using appropriate Robin boundary conditions, as described in the literature [31] . The necessary finite-element mesh is created from the X-ray data directly, using the outer isosurface of tissue as an outer bounday. An example of a resulting mesh is depicted in Fig. 3(c) . To stabilize the solution numerically, sources and detectors are not modeled as single points, but as diffuse boundary sources of Gaussian shape with full-width half maximum (FWHM) of 1 mm, as described previously [31] .
To eliminate the effect of varying source intensities and detector sensitivities in the experiments, the normalized ratio of measured fluorescence over measured transmittance is used [32] . It has been shown that this normalized approach also has the capability to correct for heterogeneities of the optical coefficients [33] .
Equation (3) is, by discretization, transformed into a linear system , with containing the contribution of the integral over , being the discretized vector of concentration values , and being the vector of measurements. A stable solution to this ill-conditioned equation can be found by minimization of the regularized residual as (4) This minimization was performed using the least-squares algorithm (LSQR) by Paige and Saunders [34] . To demonstrate the improvements obtained by hybrid versus standalone imaging, three different types of regularization matrices were evaluated: 1) an identity matrix to get standard Tikhonov regularization that does not depend on structural priors; 2) a Laplace prior; and 3) a diagonal weighting prior. Both, 2) and 3) are taking into account different structures in the XCT data, as obtained through a segmentation of the volume. The most common type of regularization is Tikhonov regularization, with , leading to (5) For optical tomography, the use of structured priors on the basis of a Laplacian regularization term has also been reported [3] , [29] , [35] . In this case, each voxel, i.e., each entry in , is assigned to a discrete region , wher
. 
Each matrix element of the full matrix is thus given by (8) The Laplace prior penalizes the variation of the estimated fluorophore distribution within a region. Thus, it smoothes results within regions while allowing strong differences across region boundaries. The regions used in the reconstruction are bones, lung, heart, tumor, and other tissue.
The diagonal weighting prior is a diagonal matrix penalizing the variance of voxels individually, depending on the region the voxels belong to. It is created in a two-step process [14] , where first a piecewise constant reconstruction is performed, delivering a constant concentration value for each voxel in region . The idea is to penalize regions with a lower value more than regions with a larger value. According the penalty is set to [36] (9)
Parameter is chosen arbitrarily; in this paper, we employed a value of . For Tikhonov regularization, the minimization of (5) can efficiently be solved for many different values of simultaneously using a hybrid method [37] . For the more general problem of (4), if the inverse of exists, the same hybrid inversion can be used by substituting , leading to (10) The inverse of the diagonal weighting matrix is trivial to determine. Due to the block-diagonal structure of the Laplace matrix given by (6) and (7), its inverse can also easily be derived as and (11) The minimization of (10) yields a result for , which can then be transformed back to .
III. METHODS AND MATERIALS
A. Geometric FMT System Calibration
After careful alignment of the optical components on the gantry, two important calibration steps need to be performed, determining: 1) the position of the rotational axis in the acquired CCD images and 2) the spatial localization of the laser beam depending on laser stage position.
The axis of rotation is found by placing a small object in the field of view of the camera and acquiring images of that object from many rotational positions. If the object is small enough and rotation symmetric, it can be assumed that its image for each angular position should look the same except for the fact that its position will change. If we assume that the optical axis of the camera is ideally parallel to the gantry plane, and that the gantry plane is orthogonal to the rotational axis, we can reduce the problem to finding the abscissa in the image that identifies the axis of rotation. The object will appear at coordinate , following a sine curve depending on rotation angle and the polar coordinate of the object, relative to the center of rotation. By determining the maximum and minimum positions and of the object in the image, the rotation center is determined as the mean, . Experimental determination of the rotation center was performed by imaging a 25 G injection needle (Ø0.5 mm, length 24 mm) placed in the field of view. The needle was painted black, and imaged against a white background [see Fig. 4(a) ]. A region of interest was chosen interactively in which only the needle was visible. From this region, the horizontal position of the needle was extracted at different angular positions [see Fig. 4(b) ]. The center between the two maxima defines the coordinate of the rotation center. This experiment was repeated several times with the object placed at different positions in space. The accuracy of the measurement was . For laser stage calibration, the laser spot as created on a sheet of paper placed on the animal bed was imaged, while moving both stages on a fixed grid pattern with 1.5 mm distance [see Fig. 4(c) ]. The change in image position of the resulting spots for movements along the two linear stages was used to determine 2-D vectors on the image along which each individual axis moves.
B. Coregistration of FMT and XCT Data
While both subsystems, XCT and FMT, are mounted on a common geometrical arrangement, an initial calibration to match both individual coordinate systems is necessary.
The XCT was factory-calibrated to deliver X-ray volumes matched to a metric coordinate system centered to the axis of rotation and the center of the X-ray source path, with the coordinate axes aligned to the rotational, horizontal, and vertical axes. After calibration of the FMT subsystem, as described previously, resulting datasets are automatically delivered in a coordinate system centered to the axis of rotation and having a defined vertical axis. The only remaining unknown is the axial distance between optical axis and X-ray source. To determine this value, a small piece of metal wire (Ø0.5 mm) placed on black paper on the animal bed was imaged in a vertical X-ray projection, as well as optically. The shift between both images was subsequently evaluated, determining the axial offset to be 5.0 mm.
C. Optimization of Excitation and Fluorescence Acquisitions
Each pair of excitation (transmission) and fluorescence images for a single source position is optimized by using the maximum laser power for the acquisition of excitation images that does not saturate the images, and subsequently, adapting the exposure time for fluorescence images. Images are considered to be optimal if the maximum intensity is above a given threshold , but below the saturation point , which we set to 90% of the theoretical maximum intensity deliverable by the CCD.
Optimal transmission images are acquired in an iterative manner as follows.
1) Acquire an image using low laser power at voltage . This image has a maximum intensity .
2) Select a new voltage
, where is a proportionality constant relating voltage to detected intensities.
3) Repeat as necessary, or stop after a maximum of three iterations. The coefficient was experimentally determined by transilluminating a thick object of scattering and absorbing material, and detecting the voltage-dependant mean intensity over a chosen region of interest, to which a linear regression line was subsequently fit [see Fig. 4(d) ]. The coefficient is independent of the detection method or types of filters used, exposure time, and optical properties of the phantom.
Subsequent fluorescence image acquisition is optimized by keeping the voltage constan,t but summing a number of acquired frames using a constant exposure time until the threshold was reached or a maximum total exposure of 10 s was reached. The mean read noise was automatically subtracted from each individual frame prior to the summation.
D. Creation and Imaging of Artificial Brain Lesion
In the brain of euthanized nude mice, a mixture of 1 Alexa 750 fluorochrome and clinical CT contrast agent were stereotactically implanted at a depth of 4 mm in the right brain lobe. The animal was then placed in the imaging machine with its ears taped to the back to prevent imaging artifacts.
Reconstructed XCT data were then automatically segmented into bones and tissue by applying an automatically estimated threshold for the bones. Due to the high concentration of clinical contrast agent in the brain lesion, this segment was automatically detected as bone. In a manual step, the lesion was separated from the automatically segmented bone to create a new segment. The result of the segmentation can be seen in Fig. 6(a) and (b) .
IV. EXPERIMENTAL RESULTS
From 18 projections with 2 7 sources each, a total of 12000 source-detector pairs were utilized. Voxel resolution for reconstruction was 1 mm, yielding a total of 1700 voxels inside the mesh. For inversion, 100 LSQR iterations were used, simultaneously obtaining results for 200 different values of the regularization parameter , distributed on a logarithmic scale. From these results, the optimal value of was chosen by determining the position of the -corner. Experimental measurements were acquired in approximately 1 h although much faster acquisitions can be reached with system optimization. Constructing the mesh and weight matrix (forward problem) required on a standard PC (Intel CoreDuo processor, 2 GB RAM), using a hexahedral finite-element grid with first-order elements. Weight matrix inversion was performed in . XCT is capable of visualizing the injected bolus clearly, as can be seen from the central XCT volume slice shown in Fig. 5(a) . The according semiautomatic segmentation is depicted in Fig. 5(b) , separating tissue, bones, and lesion.
All three inversion methods succeed in resolving the lesion with a spatial accuracy corresponding to voxel resolution (1 mm). Reconstructed FMT slices at the same position as the X-ray reconstruction in Fig. 5 are presented in Fig. 6 , overlaid onto the X-ray slice. Reconstructed values are given on an arbitrary scale, normalized for each image. Due to the fact that regularization matrices change absolute reconstructed values in an, up to now, unknown fashion, we did not attempt to deliver absolutely quantitative results. Instead, we perform a relative comparison between the images, each created with an optimal lambda chosen with respect to the image quality.
Tikhonov regularization [see Fig. 6(a) ] delivers the worst contrast between signal from the lesion and artifacts than Laplace regularization [see Fig. 6(b) ] or the two-step diagonal weighting method [see Fig. 6(c) ]. In fact, the artifacts appear at least two times stronger than the lesion, while in the Laplace method, artifacts and lesion are of the same order of magnitude. Using diagonal weighting, the amplitude of artifacts is at most 20% of the maximum reconstructed value inside the lesion. Fig. 7 shows two profile plots through the shown reconstructed slice along the -and -axis, at the position depicted in Fig. 5(a) . Additionally, the profile of the XCT slice is provided. The lesion on the XCT image has a fFWHM of 2.1 mm along , corresponding to only 2-3 voxels in FMT, and 2.5 mm along . The respective reconstructed FWHMs are 4/2.5 mm ( , for Tikhonov regularization), 3.5/4.2 mm ( , for Laplace regularization), and 1.4/1.8 mm ( , for diagonal weighting). FWHMs were determined on a cubic interpolation of reconstructed voxel values to reach submillimeter estimations.
Regarding artifacts in the profiles, in the profile along , a strong second peak appears on the right side of the inclusion with an amplitude similar to the inclusion for Tikhonov regularization and smaller amplitude for the Laplace method. It nearly disappears when using the weighted diagonal regularizer. Interestingly enough, this artifact for the Laplace method is moving closer toward the reconstructed lesion and obscuring this main peak, leading to the lower spatial resolution (FWHM) as stated previously. A reason for this bad performance of the Laplace method is that for the construction of the regularization matrix as described further previously, each voxel is just attributed to one single segment. As the actual lesion is very small, we chose to consider every voxel that is at least 10% inside the lesion segment to be part of that lesion. As the Laplace method smoothes over whole segments, this overestimation of segment size will also lead to a blurring in the result, lowering achievable resolution. This drawback is not present for the weighted diagonal method.
The small underestimation of lesion size in the weighted diagonal method can possibly be attributed to partial volume effects due to the small lesion size with respect to voxel resolution. The same holds for the shift that can be observed between the lesion center on the XCT image and in reconstructed images. Along , the locational error in the Tikhonov and Laplace result is mm (corresponding to a single voxel), while for the weighted diagonal method, it is reduced to mm (0 voxels). Along , in all methods, the locational accuracy is fully reached ( mm error).
V. DISCUSSION
Herein, we presented a hybrid system for combined XCT and free-space 360 FMT. This is the first system developed to offer a fully integrated FMT and XCT components delivering intrinsically coregistered datasets. The system dynamically adjusts acquisition parameters to achieve high dynamic range and employs semiautomatic segmentations of the XCT stacks to be used as structural priors in the reconstruction. By utilizing priors to improve the forward problem, experimental results show the benefits of the hybrid approach over standalone implementation, in particular, the accurate superposition of molecular contrast onto anatomical images and the delivery of improved FMT performance.
Obviously, much more work needs to be done with respect to defining an optimal regularization method. The three methods used herein were used as standard examples for regularized inversion, but have never been compared in detail. However, even without having a gold standard for hybrid reconstruction, we could show that the inclusion of a priori information in a Laplace or weighted diagonal matrix significantly improves SNR; resolution and spatial accuracy, however, were only significantly improved for the two-step diagonal weighting method.
The combination of FMT and XCT in one system offer highly complementary characteristics that can lead to practical systems of high-dissemination potential. The image contrast employed in orthogonal, i.e., each of the two modalities collects markedly different information on the object under investigation. Standalone XCT has significant limitations as to the tissue contrast it can achieve and its low sensitivity in molecular imaging applications. Conversely, FMT is one of the most versatile methods in terms of molecular imaging contrast, but lacks anatomical information and resolution. The combination of the two, yields a modality that not only combines information on tissue contrast, but one with the potential to improve FMT performance through the use of priors, leading overall to a truly novel implementation with superior imaging characteristics, compared to XCT and FMT operating as standalone.
While several methods for the use of a priori information have been suggested, it is important to select methods that do not bias the solution. For this reason, herein, we employed a moderate use of image priors, with no assumptions on the fluorescence biodistribution and demonstrate that even simple approaches like the one presented bear strong potential to improve the inversion capacity over standalone approaches that need to significantly regularize the inversion problem and reduce the resolution offered in order to yield high-fidelity imaging. A truly hybrid system, such as the FMT-XCT developed herein, further allows the collection of datasets that can lead to accurate evaluation of different algorithms using priors. Therefore, the current availability of such system points to further validation or new development of algorithms for optimal use of priors.
The required experimental times for the presented prototype are in the order of 1 h, which limits throughout and applications in imaging of fast-changing phenomena. However, the acquisition time achieved is a result of a system unoptimized for speed, at each current state. With faster stages and gantries, as well as the interleaving of acquisition of XCT and FMT data, it is expected that future acquisition times can become of the order of 10-15 min or better (see Table I ).
Further imaging improvements can be obtained by the use of an inhomogeneous forward model, taking into account the differences in attenuation and scattering coefficients between tissue types, preferably as found in the XCT data. However, as opposed to optoacoustic tomography, where results can directly be interpreted as optical attenuation coefficients [38] , which allows for easy integration into hybrid optoacoustic/fluorescence tomography systems [39] , optical attenuation coefficients and XCT densities are unrelated. A preferable approximation would be the use of segmentations as derived from the XCT and the extraction of average tissue properties as published for example by Niedre [40] . This method has shown certain improvements in simulation studies [41] .
The results presented herein relied on relatively large, coarse segmentations that required limited user interaction. Future research should incorporate fully automatic reliable segmentations, as can be for example obtained using anatomic atlases [42] to lead to a fully automated system. Overall, we have showcased the development and improved ability of an FMT-XCT system. The system can be built of relative low-cost components and at small form factors, thus leading to high dissemination of this technology for biomedical research and drug discovery applications.
